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Abstract
Gold nanoparticles (AuNPs) have been brought to the forefront of various applications,
ranging from theranostics, to organic photovoltaics, to biosensing owing to their localized
surface plasmon resonance (LSPR) property. However, this property needs to be improved in
order to allow for high sensitivity and quantitative detection of biomolecules. Hybrids of AuNPs
with low-dielectric cellulose nanocrystal (CNCs) would yield enhancement of the LSPR
property, which is driven by the confinement of electron oscillation at their interfaces. This study
proposed a seed-mediated growth method to synthesize hybrids of CNCs-AuNPs. Sulfate groups
on the surface of CNCs served as the sites for the growth of AuNPs. Optimization through the
number, size, and distances of AuNPs on the surface of CNCs was achieved by modulating
different variables such as concentrations of reducing agent and CNCs, time, temperature, and
surface charge of CNCs. The results via absorbance spectrophotometry, dynamic light scattering
(DLS), transmission electron microscopy (TEM), and atomic force microscopy (AFM)
demonstrated that AuNPs grew on the surface of sulfonated CNCs, leading to enhancing their
LSPR. Optimization and tuning the optical response of AuNPs on the surface of CNCs was
accomplished in this study, which could significantly advance the technology of biosensors in
the future. This study could be expanded by the utilization of CNC as a template for the growth
of other nanoparticles for a variety of applications, ranging from biomedicine to optoelectronics.
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Chapter 1: Introduction
1.1 Nanomaterials overview
In general, the term "nanomaterials" refers to materials with at least one dimension in the
range of 1-100 nm, which show improved and tunable physical, chemical, and biological
properties at this scale [1]. Nanomaterials are applicable in a variety of applications because of
their enhanced performance at this scale [1].
There are mainly three types of nanomaterials in terms of their scale: "nanofilms",
"nanotubes" or "nanowires", and "nanoparticles". If only one dimension of a nanomaterial is
lower than a few hundred nanometers, it is called "nanofilms". Nanomaterials are known as
"nanotubes" or "nanowires" if two dimensions are less than few hundred nanometers [2].
Nanoparticles refer to materials where all three dimensions are at the nanoscale and nanorods are
the nanomaterials where the shortest and longest axes length are different [1]. During the process
of glass-making in 14th and 13th century BC, Egyptians synthesized the first metallic
nanoparticles [2]. Their intention was to make glass of different colors and it is the earliest
example of production and use of metallic nanoparticles for practical applications [2].
Nanomaterials exhibit interesting optical properties, which are significantly different
from those exhibited at bulk scale. Size, shape, and composition of nanomaterials determine the
mechanism of their optical responses [3][4][5]. For instance, depending on the size of
nanoparticles, the incident light on a nanoparticle can be scattered or absorbed; particles with
diameter less than 20 nm absorb a majority of the light whereas diameters above 100 nm scatter
the light significantly [6]. Therefore, nanomaterials should be synthesized such that their
properties are commensurate with the target application.
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1.2 Gold nanoparticles

Noble materials such as gold nanoparticles (AuNPs) have been brought to the forefront of
various applications due to their rich electronic and optical properties as well as their chemical
inertness and biocompatibility [7][8][9]. One of the unique optical properties of AuNPs, which is
utilized in biosensing applications, is their localized surface plasmonic resonance (LSPR)
[10][11][12]. In general, surface plasmon resonance (SPR) is the result of electron resonance
when the oscillation frequency of electrons and the wavelength of incident light matches [13].
SPR in nanoparticles turns into LSPR whenever their sizes are smaller than the wavelength of
light. LSPR results in trapping of light waves within conductive nanoparticles, such as AuNPs
[14]. Confinement of SPR in nanoscale objects results in enhancement of both inside and nearfield amplitude of the electromagnetic field [15]. LSPR phenomenon is shown in Figure 1.

Figure 1: Surface plasmon resonance of spherical nanoparticles [16].

Accordingly, conduction of electrons on AuNPs can be polarized by laser irradiation,
meaning AuNPs harvest the light and scatter the incident light commensurate with their shape,
2

size, composition, and dielectric properties of the surrounding medium [10]. Close spacing
between AuNPs results in interaction of localized plasmons, which act like interacting dipoles
[10]. These electromagnetic interactions, between closely spaced AuNPs called hot spots, lead to
enhancement of electromagnetic field [10]. The hot spot between AuNPs is highly dependent on
the distance between AuNPs, which is shown in the Equation 1. This equation is derived based
2

on the solution of Laplace equation, when the potential ∇ Φ = 0 [17]. In this equation, p is
polarizability of nanoparticles, n is the unit vector in the direction of the point where the field is
studied, d is the distance from center of AuNPs, Eout is distribution of electric field outside of
nanoparticles, E0 is applied electric field, εm
r is dielectric constant of dielectric, and 𝜀0 is
dielectric constant of the medium.

Eout = E0 +

3n(n. p) − p 1
4πε0 εr εm
d3
r

(Equation 1)

As shown in Equation 1, the near field interaction depends on d-3, which means surface
plasmon coupling happens for adjacent nanoparticles. Figure 2 shows the near-field coupling of
metallic nanoparticles in different polarizations [17].
In addition to the distance, the size of nanoparticles plays an important role in the LSPR
phenomenon of AuNPs. The dipole moment due to the applied field inside the nanoparticle is
proportional to E0, which is proportional to a3 (a is radius of AuNPs). The formula in Equation 2
shows the relationship between polarizability and radius of nanoparticles [17]. In this equation, a
is radius of AuNPs and ℇr is dielectric constant of metal.
p = 4Πℇ0 ℰrm a3

3

ℇr − ℰrm
ℰr + ℰrm

(Equation 2)

Figure 2: Schematic of metallic nanoparticles for two different polarizations [17].

Besides the size and distance of nanoparticles, near-field coupled plasmon resonance in a
chain of nanoparticles results in the field enhancement at a particle number N>2. Therefore, the
number of nanoparticles should be considered for surface plasmon-enhanced of adjacent AuNPs.
Equation 3 shows the optimal number (Nopt) of nanoparticles in order to get the highest possible
field enhancement in the gap between AuNPs [18]. In this equation, res is wavelength of
resonance and Nopt is optimal number of nanoparticles.
Nopt =

2d + res
2(2a + d)

(Equation 3)

Thus, according to these three equations, a precise control over the number, size, and
distances between AuNPs results in the enhancement in LSPR.

1.2.1 Chain of AuNPs
In general, when the distances between successive nanoparticles in a chain of
4

nanoparticles is less than the diameter of individual particles, it results in the generation of
enhanced plasmonic resonance at their junctions [19][20]. Also, according to the study by Jeffrey
M. McMahon in 2009, when the distances between two nanoparticles is less than 0.5 nm, the
enhancement in plasmon resonance is at least 1010 times greater than the plasmon resonance of a
single nanoparticle [21]. Spherical AuNPs show one single, sharp absorption band due to the
excitation of SPR [22]. However, AuNPs with other shapes show different modes of SPR since
the charge distribution on their surface is anisotropic [23]. Accordingly, gold nanorods (AuNRs)
usually show two distinguished absorption peaks commensurate with their aspect ratio. Figure 3
shows the spectrophotometry and TEM images of AuNRs with different aspect ratios. The longer and
shorter wavelengths are associated with the surface plasmon electron oscillations along the nanorod

Absorbance

length and width, respectively [23].

Wavelength (nm)
Figure 3: Spectrophotometry of AuNRs with
different aspect
Wavelength
(nm) ratios. The wavelength absorbance
of the second peak shifts to the right as the aspect ratio increases (from black to blue) [23].
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Similar to the AuNRs, dimers of AuNPs show a two-band absorption spectrum
commensurate with their sizes and distances. A two-band absorption spectrum is the result of direct
fusion between two nanoparticles. Figure 4 shows how the UV-Vis spectra changes based on different
distances between AuNPs in dimers [19].

Figure 4: Spectrophotometry for three different types of dimers with different distances [19].

In addition to the distances between AuNPs, the number of nanoparticles in a chain plays
a significant role in the wavelength and absorbance of the longitudinal peak. Figure 5 shows the
TEM images and UV-Vis spectra of different lengths of AuNP chains, resulting from variations
in the environmental pH [23]. As shown in the TEM image, the longest chain of AuNPs is
related to the image (d), which shows the most significant shoulder (blue peak) in the UV-Vis
spectra. Figure 5 (b) and (c) correspond to the green and red peaks in (a), respectively [23].
6

Figure 5: Spectrophotometry for three different lengths of AuNP chains. The length increases
from (b) to (d), represented as red, green and blue peaks in (a) [23].

Upon destruction of the morphology of AuNP dimers, the dimers function like AuNRs
with short aspect ratio. This phenomenon is associated with disappearance of the longitudinal
absorbance peak in UV-Vis-NIR spectra and formation of a very broad peak, which is consistent
with UV-Vis-NIR spectra of AuNRs with a small aspect ratio [19]. The TEM image and UV-Vis
spectra of the mentioned destructed dimers are demonstrated in Figure 6.
1.2.2 Application of AuNPs
In general, plasmonic nanoparticles have gained attention of physicists, material
scientists, chemists, and biologists because of their widespread applications from electronics and
optical sensing to biomedicine and data storage [14].
7

a)

b)

Figure 6: a) UV-Vis-NIR and b) TEM of destructed dimers [19].

Specifically, LSPR of AuNPs makes them potential candidates for imaging applications
as small changes in the local refractive index are exhibited in the absorption and scattering
spectra of the AuNPs [14]. Figure 7 shows the red shifted scattering of AuNPs after being
functionalized by receptor molecules.
A chain of AuNPs shows stronger electric field enhancement and, hence, richer spectral
responses compared to a single AuNP [19][20][21]. Therefore, these can be used as sensitive
biological and chemical sensors [15][16].
8

Figure 7: The right shifted peak is due to the conjugation of AuNPs with target analyte [24].

In addition, tunability of the plasmon wavelength of AuNP chains makes them applicable
in a variety of optical sensing applications. Closely spaced AuNPs result in the longitudinal
absorption peak in the near-infrared region (NIR), which is highly desired for in-vivo
applications because of relative transparency of biological tissues in this range of light
[26][27][28].
Besides, the enhanced Raman scattering due to the hot spots between AuNPs is known as
Surface Enhanced Raman Scattering or Spectroscopy (SERS) [29][30][31]. Tremendous efforts
have been made on surface SERS substrates for chemical analysis as well as clinical diagnosis
[32]. SERS is due to the vibrational modes of the molecules, which makes it a promising
9

technique for high sensitivity and quantitative detection of biomolecules. Although this
technique is similar to bioimaging with fluorescence; it has some advantages over the latter
technique. One of the differences is the width of emission bands, which are narrower in SERS
compared to those obtained with the fluorescence technique. Therefore, high resolution and
simultaneous multicomponent analysis is feasible using SERS. Another advantage of SERS over
the fluorescence technique is that sample preparation is easier in SERS. Also, Raman
spectrometers are robust and portable with high speed identification of analytes.
In summary, the sensitivity and exceptional spectral selectivity of SERS have made it a
great technique for detecting a variety of chemical species [33]. As mentioned earlier, dimers of
AuNPs create hot spots, which result in the enhancement of Raman scattering. However, this
enhancement is generally quite low. Thus, there is a need for SERS substrates that display
extremely promising field confinement qualities by hosting closely separated metal
nanostructures and confined plasmons at the interfaces [34][35][36].
1.3 Surface plasmon polaritons
Surface plasmon polaritons are excited electromagnetic waves propagating at the
interfaces of a conductor and a dielectric. These electromagnetic surface waves are the result of
electromagnetic fields coupled with the electron plasma of a conductor [17][37][38]. Figure 8
shows the image of plasmons confined at the interface of a conductor and a dielectric.
Confinement of electromagnetic energy at the interface of a dielectric and a conductor
results in the enhancement of plasmon resonance, which is utilized in optical sensing
applications [17]. Confinement of plasmons happens at volumes smaller than diffraction limit,
which is related to the initial wavelength and refractive index of the medium.
Equation 4 shows the formula of the diffraction limit (D.L.), below which the
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confinement of plasmons happen [17]. In this equation, λ0 is applied wavelength, n is refractive
index, and ε is relative permittivity.
D.L. = (

λ0 3
) , n = √ε
2n

(Equation 4)

AuNP

Dielectric

Figure 8: Surface plasmon polaritons [39].

Accordingly, more confinement of plasmons occurs when the medium has a low
dielectric constant. Although nanocomposites made of AuNP-carbon nanotubes [15][40][41] and
AuNP-carbon nanospheres [42] have already shown enhanced biosensing properties for proteins
and enzymes, a hybrid of AuNPs with a substrate that has low dielectric constant should result in
significant enhancement in their plasmon properties.
1.4 Cellulose-based materials
Cellulose, the most abundant renewable biopolymer on Earth, is obtained from
inexhaustible sources including invertebrates, fungi, soft and hard wood, agricultural residues,
11

certain bacteria, algae, and several marine animals. Cellulose is a biocompatible and non-toxic
material that is used in variety of applications [23][24][25][43]; cellulose and its derivatives are
applicable in medicine, cosmetics, packaging, textiles coatings, optical films, food items, and
laminates [43].
Cellulose is a long-chain of repeated disaccharides of anhydro-D-glucopyranose (AGU)
called cellobiose, connected by -1,4 glycosidic linkages; monomers are rotated 180 with
respect to each other [44]. One end of each cellulose chain is chemically reducing in nature while
the other end is non-reducing [43]. The basic structural unit of a cellulose chain is shown in
Figure 9 [43]. Cellulose microfibrils are structural units in higher plants which are several
micrometers in length and 10-50 nm in diameter, containing both crystalline and amorphous
regions [45]. Crystalline regions of cellulose chain can be extracted through chemical or
mechanical treatments, which results in cellulose nanocrystals (CNC). Acid hydrolysis using
acids such as sulfuric acid or hydrochloric acid are usually used to cleave the glycosidic linkages,
which results in rod-shaped nanocrystals. Also, sulfuric acid hydrolysis transforms hydroxyl
groups (-OH) of CNC into anionic sulfate aster groups (-OSO3-), which results in electrostatic
repulsion between individual nanocrystals and make CNCs stable in an aqueous suspension.
Dimensions of CNCs depend on the source of cellulose and can range from 5-20 nm in width
and 100-1000 nm in length [45]. The process of CNC synthesis is shown in Figure 10.
Unique properties of CNCs, such as low dielectric constant, high crystalline order and
chirality, mechanical strength, high specific surface area, and controllable surface chemistry,
have made them attractive candidates in the materials science community [26, 27, 28].
Therefore, this study aims to utilize the unique properties of CNCs for development of
inorganic–CNC hybrid nanocomposites.

12

Figure 9: Structural unit of the cellulose chain [43].

Figure 10: CNC synthesis and modification after sulfuric acid hydrolysis [44].

1.5 Hybrid of organic and inorganic materials
In general, hybrids of organic and inorganic materials are representative of a combination
of two different types of chemical properties, each with distinct advantages and disadvantages
[46]. In some cases, the natural polymer acts solely as a solid support for inorganic materials;
13

whereas, in other cases, a combination of properties in organic and inorganic hybrid materials
can also result in reinforcement or modification of individual properties [46]. Meticulous
consideration of material selection, as well as synthesis method, allow for enhancement of the
best properties and minimizing the limitations of each material [46].
Hybrids of organic and inorganic materials can be classified according to their
predominant phase. When comparing organic-inorganic against inorganic-organic materials, it
depends on whether the organic phase or inorganic phase is the host [47]. Also, classification of
organic and inorganic hybrid systems can be shown through the interaction of the organic and
inorganic phases. Most properties such as structure and degree of organization depend on the
nature of interaction between the two phases. This classification is based on the strength of the
interaction. In general, covalent and Lewis acid-base bonds are considered as strong bonds while
weak interactions include hydrogen bonding, Van der Waals contact, pi-pi interaction, and
electrostatic forces [47]. In order to develop a hybrid system with the purpose of enhancing the
individual components' properties, it is important to consider the bonding between the
components. Properties of metal nanoparticles are distinct from those of the bulk material [1].
Metal nanoparticles are thermodynamically unstable and tend to aggregate without the use of any
ligands or capping agents [44][48][49]. Therefore, it is important to synthesize metallic
nanoparticles in a way such that they possess narrow size distribution [44][48][49]. CNCs are
great candidates for support of metal nanoparticles as they hinder the aggregation of polydisperse
nanoparticles in the colloidal suspension [26, 31]. For the first time in 2003, palladium (Pd), gold
(Au), and silver (Ag) metal ions were precipitated from their precursors onto a cellulose based
template [50]. For instance, the hybrid of CNC-AuNP couples LSPR of AuNPs and the dielectric
property of CNCs. The hypothesis is that this combination leads to the enhancement of plasmon
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resonance of conduction electrons on AuNPs due to the confinement of plasmons at the
interfaces of CNCs and AuNPs. The hypothesis is that this combination leads to the
enhancement of plasmon resonance of conduction electrons of AuNPs due to the confinement of
plasmons at the interfaces of CNCs and AuNPs. Hybrid materials are a combination of each of
the components' properties in a predetermined shape and scale [51].
There are many approaches for the development of nanoparticles and CNCs to make
hybrid nanocomposites. These approaches include blending, sol–gel processing,
coprecipitation/in situ reduction, micro-emulsion synthesis, and hydrothermal/solvothermal
processing [44][52][53]. Among all these options, growth method was chosen in this study
because more confinement of electromagnetic energy happens at the interfaces of CNCs and
AuNPs by this method. Electromagnetic energy is squeezed into volumes which are smaller than
the diffraction limit [17], and growth method facilitates the confinement of plasmons at the
interfaces of CNCs and AuNPs.
1.6 Thesis objectives
This study aimed to enhance the LSPR property of AuNPs by coupling of the dielectric
property of CNCs, which can further be controlled by tuning the number, size, and distances
between AuNPs on the surface of sulfonated CNCs. Sulfate groups (-OSO3-) on the surface of
CNCs served as the sites for the growth of AuNPs. It is hypothesized that growth of AuNPs on
the surface of CNCs results in augmented absorbance of plasmon peaks, which can be tuned
within the entire UV-Vis-NIR spectrum by controlling the number, size, and distances of AuNPs
on the surface of CNCs.
Thus, the two main objectives of this study were:
1. Development of the synthesis method for growing AuNPs on the surface of CNCs.
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2. Optimization of the synthesis method of CNC-AuNP hybrid system by changing the number,
size, and distances of AuNPs on the surface of CNCs.

16

Chapter 2: Materials and Methods for the Synthesis of CNC-AuNP Hybrid System
2.1 Synthesis of CNCs using acid hydrolysis
In this study, CNCs were extracted from commercially available microcrystalline
cellulose (MCC), purchased from Fisher Scientific, Waltham, MA. Acid hydrolysis cleaves the
glycosidic linkages and results in rod-shape CNCs [44][54][55]. Also, surface modification of
CNCs is the result of acid hydrolysis in terms of turning some of the hydroxyl groups of CNCs
into sulfate ester groups [44][54][55]. The condition, which was used for extraction of CNCs and
modification of their surface chemistry was based on previous studies, including mixing sulfuric
acid of 64% with MCC for 45 minutes at 45 ○C [56].
2.2 Development of the synthesis method for growing AuNPs on the surface of CNCs
2.2.1 Chemistry of the synthesis method
Chloroauric acid is one of the most important precursors of gold. HAuCl4, purchased
from Sigma Aldrich, St Louis, Missouri, was used in this study for the synthesis of AuNPs. In
general, synthesis of gold nanostructures is the result of reduction from HAuCl4 using a reducing
agent under specified temperatures [57].
According to previous studies, there is an interaction between sulfur and gold materials at
the nanoscale [58][59]. Therefore, the gold precursor approaches the sulfate groups of CNCs in
the first step of the synthesis method.
The second step includes the nucleation of AuNPs. Reduction of HAuCl4 results in
forming of Au atoms, which bond together and form the nucleus of AuNPs. In general,
heterogeneous nucleation is more probable compared to homogeneous nucleation because
impurities can function as preferential nucleation sites under certain conditions [60]. In this case,
CNCs function as preferential nucleation sites and result in less energy barrier to facilitate the
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nucleation of AuNPs on the CNCs.
The third step includes the growth which occurs immediately after nucleation of AuNPs
on the surface of CNCs. Figure 11 shows the schematic illustration of the chemistry of all three
steps.

Figure 11: Chemistry of the synthesis method for growth of AuNPs on the surface of CNCs.

Sodium-l-ascorbate, purchased from Sigma Aldrich, St Louis, Missouri, was used as the
reducing agent in this study due to several reasons. Sodium-l- ascorbate is a biocompatible and
unexpansive reducing agent, which works as a stabilizer for AuNPs after the reduction. The
chemistry of reduction of chloroauric acid with ascorbic acid is shown below [61]:
1st step: reduction of Au(III) to Au(I) ions
[𝐴𝑢𝐶𝑙4 ]− + 𝐻2 𝐴𝑠𝑐 → [𝐴𝑢𝐶𝑙2 ]− + 𝐷𝐻𝐴 + 2𝐶𝑙 − + 2𝐻 +

(Equation 5)

2nd step: reduction of Au(I) ions to Au(0) for nuclei formation.
1

[𝐴𝑢𝐶𝑙2 ]− + 2 𝐻2 𝐴𝑠𝑐 → 𝐴𝑢 +

1
2

𝐷𝐻𝐴 + 2𝐶𝑙 − + 𝐻 +

This process of reduction by ascorbic acid is also shown in Figure 12.
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(Equation 6)

Figure 12: Reduction by ascorbic acid [62].

Since ascorbic acid (Ac) has the potential to reduce and stabilize AuNPs from the
precursor, Ac was used for the formation of stable AuNPs in the bulk solution. Therefore, the
main challenge of the first objective was to maximize the formation of AuNPs on the sulfate
groups of CNCs rather than their random formation in the bulk solution. Accordingly,
development of the synthesis method had to meet the criteria which were aligned with the
mentioned challenge. The first action, related to the hindrance of AuNPs formation in the bulk
solution, was the mixture of CNCs and HAuCl4 long enough so that HAuCl4 could approach
-OSO3- on the surface of CNCs.
In addition, there were a few variables which had to be considered in this study in order
to decrease the probability of formation of AuNPs in the bulk solution. The first variable was the
concentration of CNCs. It was hypothesized that the increase in the numbers of CNCs reduced
the probability of AuNP formation in the bulk solution. Ultimately, -OSO3- on the surface of
CNCs were available to serve as the sites for the growth of AuNPs. The second important
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variable for the development of the synthesis method was the ratio of HAuCl4 to the reducing
agent. In general, low concentrations of Ac result in slow nucleation of AuNPs while high
concentrations of the reducing agent would accelerate the nucleation of AuNPs. Accordingly, it
was hypothesized that gold precursors could not approach sulfate groups of CNCs if
concentration of reducing agent was too high. Thus, different ratios of HAuCl4 to reducing agent
had to be performed in this study with the purpose of finding the optimal ratio where maximum
numbers of AuNPs grow on the surface of CNCs.
2.2.2 Protocol development
With regard to the previous statements, development of the synthesis method was
performed in four main steps, which are shown in Figure 13.
1. Mix CNCs and HAuCl4 with heating.
2. Reduce HAuCl4 by sodium-l-ascorbate.
3. Nucleate and grow AuNPs.
4. Wash away surplus of salt and AuNPs.

1

2

3

4

Figure 13: Protocol development for growth of AuNPs on the surface of CNCs.

The synthesis of the CNCs-AuNPs hybrid system was based on modified protocols from
previous studies, as well as trial and error experiments pertaining to this method [32][33][63].
Accordingly, 100 µL of 15.88 mM HAuCl4 was added to three different concentrations of CNCs,
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0.05% , 0.1%, and 0.2% w/v, which were mixed at 75 ○C for 30 minutes. The final concentration
of HAuCl4 was 1.44 mM. Then, four different amounts of Ac were added to the solution, 1.44
mM, 4.32 mM, 8.64 mM, and 14.4 mM, which resulted in four different ratios of HAuCl4 to
sodium-l-ascorbate: 1:1, 1:3, 1:6, and 1:10. Reducing agent was added to the solution at the same
temperature of 75 ○C and stirring rate was 600 rpm.
The solution was kept stirring for 1 hour at the same temperature, which resulted in
nucleation and growth of AuNPs. The total volume of colloidal solution in this study was 1100
µL. The last step was washing the surplus of salts, reducing agent, and AuNPs in the bulk
solution. Centrifugal filtration method was chosen for this aim with the filter size of 100 nm.
This size was chosen based on the average length of CNCs, which were almost 200 nm while the
formed AuNPs in the bulk solution were less than 100 nm. Thus, hybrid of CNCs and AuNPs
remained in the colloidal solution and free AuNPs passed through the filters. Visual observation
of the AuNP formation based on different concentrations of CNCs and ratios of HAuCl4 to Ac is
shown in Figure 14.

Figure 14: Visual observation of the CNCs-AuNPs hybrid system at different concentrations of
CNCs and ratios of HAuCl4 to reducing agent.
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2.3 Optimize the synthesis method of CNCs-AuNP hybrid system by changing the number,
size, and distances of AuNPs on the surface of CNC.
The second objective in this study was to tune the absorption peak of grown AuNPs on
the surface of CNCs within the entire UV-Vis-NIR spectrum range. This goal was achievable
based on the hypothesis that tuning the absorption peak was feasible by controlling the numbers,
size, and distances between AuNPs on the surface of CNCs. Therefore, it was essential to find
the reaction conditions to control the numbers and sizes of AuNPs. There were several factors
considered in this study in order to control the size, numbers, and distances of AuNPs on the
surface of CNCs. As mentioned in Section 2.2.1, chemistry of synthesis method, -OSO3-on
CNCs serve as the sites for growth of AuNPs.
Therefore, the first variable for tuning the absorption peak was through changing the
surface charge of CNCs with the purpose of growing different numbers of AuNPs on the surface
of CNCs. Based on the previous studies, removal of sulfate half-esters groups of CNCs is
achievable by alkali (NaOH) treatment of CNCs [64][65]. Accordingly, excessive OH-1 groups
of NaOH would result in desulfation of CNCs, leading to fewer sites on the surface of CNCs for
nucleation of AuNPs. Removal of sufate groups of CNCs by NaOH treatment is shown in Figure
15.

Figure 15: Surface desulfation of CNCs by NaOH treatment [66].

Therefore, three different concentrations of NaOH were mixed with CNCs in order to
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achieve the final NaOH concentrations of 0.01 M, 0.1 M, and 0.5 M in the solution. The
dispersions were stirred for 30 min at 65 ○C. This process was stopped by adding HCl, which
also neutralized the hydroxyl ions (OH-) of the dispersions. Dialysis was performed at the end in
order to remove the excessive ions.
After desulfation of CNCs by NaOH treatment, AuNPs were grown on the surface of
NaOH- treated CNCs in order to investigate how their numbers vary based on the alteration in
the surface charge of CNCs. The hypothesis was to see the reduction in the numbers of grown
AuNPs on the surface of NaOH-treated CNCs compared to previous experiments, where the
CNCs were not treated by NaOH. The final concentration of CNCs in the new sets of
experiments were kept to 0.2% v/w and the ratio of HAuCl4 to reducing agent was 1:10.
The next variables which were used for tuning the sizes and numbers of AuNPs on the
surface of CNCs were incubation time and temperature. In general, higher temperatures lead to
bigger nanoparticles due to the increase in the rate of nucleation and diffusion. Also, welldefined sizes of AuNPs are more achievable at high temperatures compared to low temperatures
[67] [68]. Therefore, the effect of incubation time and temperature were tested in this study in
order to investigate the alteration in numbers and sizes of AuNPs on the surface of CNCs.
Accordingly, different temperatures of 50 ○C, 60 ○C, 70 ○C, 75 ○C, 80 ○C, and 90 ○C were tested
for the synthesis method while the incubation time was fixed at 30 minutes in the beginning.
Then, the most promising temperatures were chosen with different incubation times of 30 min,
60 min, and 90 min. These incubation times were related to the mixing of CNCs and HAuCl4
before adding the reducing agent and the hypothesis was to see the increase in the numbers of
AuNPs due to the higher interaction of HAuCl4 with sulfate groups of CNCs. The final
concentrations of CNCs and ratio of HAuCl4 to reducing agent were 0.2% v/w and 1:10,
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respectively. Figure 16 shows the visual observation of CNC-AuNP hybrid system at different
temperatures.

Figure 16: Visual observation of CNC-AuNP hybrid system at different temperatures.
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Chapter 3: Results and Discussion
3.1 Results for the development of the synthesis method for growing AuNPs on the surface
of CNCs, CNCs concentration, and ratio of HAuCl4 to reducing agent.
As already mentioned in the background, emergence of the second peak in the
spectrophotometry is representative of nanorods or dimers, which are close enough to interact
with each other. Therefore, spectrophotometry was the first material characterization for the first
objective of this study to prove the nucleation of AuNPs on the sulfate groups of CNCs.
Accordingly, wavelength absorbance of twelve different samples were measured. These samples
included three different concentrations of CNCs: 0.2%, 0.1%, and 0.05% w/v as well as four
different ratios of HAuCl4 to reducing agent: 1:1, 1:3, 1:6, and 1:10. Figure 17, Figure 18, Figure
19, and Figure 20 show the normalized wavelength absorbance of all twelve samples. Each
figure shows one ratio of HAuCl4 to reducing agent with four different concentration of CNCs.
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Figure 17: Wavelength absorbance of CNCs-AuNPs hybrid system at different CNC concentrations for
ratio of HAuCl4 to reducing agent = 1:1.
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Figure 18: Wavelength absorbance of CNCs-AuNPs hybrid system at different CNC concentrations for
ratio of HAuCl4 to reducing agent = 1:3.
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Figure 19: Wavelength absorbance of CNCs-AuNPs hybrid system at different CNC concentrations for
ratio of HAuCl4 to reducing agent = 1:6.
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Figure 20: Wavelength absorbance of CNCs-AuNPs hybrid system at different CNC concentrations for
ratio of HAuCl4 to reducing agent = 1:10.
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In general, the results of wavelength absorbance showed that the increase in the amount
of reducing agent resulted in higher intensity of the second (longitudinal) peak. Figure 20, in
which the ratio of HAuCl4 to reducing agent was 1:10, showed the most significant second peak
compared to the other ratios. CNCs and ascorbate AuNPs were used as the control samples in
this study. Ascorbate AuNPs showed a sharp transversal peak without any absorbance in other
wavelengths and CNCs did not show any absorbance within the entire UV-Vis-NIR range. Thus,
the results of spectrophotometry implied that the majority of AuNPs grew on the surface of
CNCs when the ratio of HAuCl4 to reducing agent was 1:10.
In addition, in the ratios of 1:3 and 1:10, by increasing the concentrations of CNCs, the
longitudinal peak got more significant in terms of showing higher absorbance intensity at longer

27

700

wavelengths. This result was aligned with the hypothesis that the functional groups (sulfate
esters) on the surface of CNCs would serve as nucleation sites for AuNPs. Subsequently, the
increase in the numbers of CNCs was supposed to increase the probability of formation of
AuNPs on the surface of CNCs, which finally led to the formation of closely spaced AuNPs.
Besides, the steric hindrance due to existence of numerous CNCs prevented the agglomeration of
AuNPs in the bulk solution and facilitated the formation of AuNPs on the surface of CNCs.
However, this result was not shown in the ratios of 1:1 and 1:6. Therefore, more studies are
necessary to investigate the reason of this fluctuation in the results. In summary, the wavelength
absorbance showed that the most significant longitudinal absorbance was related to the ratio of
1:10 with CNC concentration of 0.2% w/v.
The second material characterization for proving the validation of the synthesis method
was through measurement of zeta potential and conductivity by dynamic light scattering (DLS)
technique. The main purpose of measuring conductivity was to prove the formation of AuNPs
through an increase in the conductivity, which was zero for CNCs alone (not hybridized with
AuNPs). Furthermore, it was hypothesized that a decrease in the zeta potential was due to the
growth of AuNPs on the -OSO3- on CNCs. Figure 21, Figure 22, Figure 23, and Figure 24 show
the results of zeta potential and conductivity for three different concentrations of CNCs and four
different ratios of HAuCl4 to reducing agent.
According to the results, for all the ratios of HAuCl4 to reducing agent, conductivity
increased and the zeta potential decreased after the growth of AuNPs. The increase in the
conductivity implied the formation of AuNPs. The decrease in the zeta potential was due to the
masking on -OSO3- CNCs by AuNPs, though the charge was still negative because AuNPs were
capped with negatively charged ascorbates. Also, comparing the zeta potential of different ratios
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of HAuCl4 to reducing agent showed that ratios of 1:6 and 1:10 were less negatively charged
compared to ratios of 1:1 and 1:3. Ratios of 1:6 and 1:10 showed that a majority of AuNPs
formed on -OSO3- of CNCs while ratios of 1:1 and 1:3 displayed an increased formation of
AuNPs in the bulk solution.
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Figure 21: Zeta potential (mV) and conductivity (S/m) of CNCs-AuNPs hybrid systems at different CNCs
concentrations for ratio of HAuCl4 to reducing agent=1:1.
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Figure 22: Zeta potential (mV) and conductivity (S/m) of CNCs-AuNPs hybrid systems at
different CNCs concentrations for ratio of HAuCl4 to reducing agent=1:3.
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Figure 23: Zeta potential (mV) and conductivity (S/m) of CNCs-AuNPs hybrid systems at
different CNCs concentrations for ratio of HAuCl4 to reducing agent=1:6.
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Figure 24: Zeta potential (mV) and conductivity (S/m) of CNCs-AuNPs hybrid systems at
different CNCs concentrations for ratio of HAuCl4 to reducing agent=1:10.

This result was aligned with the spectrophotometry as a more significant second peak
was observed when the amount of reducing agent increased. Moreover, conductivity showed that
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for all the ratios of HAuCl4 to reducing agent, the increase in the concentration of CNCs resulted
in the increase in the conductivity, implying the formation of a higher number of AuNPs on the
surface of CNCs.
The final characterization technique that demonstrated the formation of AuNPs on CNCs
was atomic force microscopy (AFM). This technique helped evaluate the developed synthesis
method through visualization of the surface topology in terms of the height, length, and
roughness of CNCs before and after the growth of AuNPs on their surface. Based on the
evaluation of samples by spectrophotometry and DLS, four samples were chosen for the AFM
analysis. These samples included those with ratios of 1:10 and CNC concentrations of 0.05%,
0.1%, and 0.2% v/w, which were chosen to be compared with pure CNCs. Figure 25, Figure 26,
Figure 27, and Figure 28 show the AFM results of the samples as well the cross-sectional
analysis of one CNC from each sample.

Figure 25: AFM and cross-sectional analysis of CNCs before formation of AuNPs
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Figure 26: AFM and cross-sectional analysis of CNCs after formation of AuNPs with CNCs
concentration= 0.05% v/w

Figure 27: AFM and cross-sectional analysis of CNCs after formation of AuNPs with CNCs
concentration= 0.1% v/w.
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Figure 28: AFM and cross-sectional analysis of CNCs after formation of AuNPs with CNCs
concentration= 0.2% v/w.

According to the AFM images, the morphology and surface topography of CNCs showed
differences in the CNCs before and after the growth of AuNPs, as CNCs looked thicker and
rougher after the growth of AuNPs on their surface. Further evaluation of AFM results was
performed by conducting cross-section analysis of CNCs for all four samples. The cross-section
of pure -OSO3--CNCs was mostly smooth while many bumps showed up after the growth of
AuNPs on their surface. Therefore, cross section of AFM images indicated the growth of AuNPs
on the surface of CNCs. Also, though Figure 25, Figure 26, Figure 27, and Figure 28 show the
cross section results of one CNC from each sample, four CNCs were chosen from each sample
for cross-sectional analysis to measure and compare the length, height, and roughness of CNCs
before and after growth of AuNPs at different CNC concentrations. Results showed that the
peaks of CNCs changed significantly before and after the growth of AuNPs on their surface.
Figure 29 shows the results of these cross section analyses.
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Figure 29: Length, height, and roughness of CNCs before and after the growth of AuNPs at
different concentration of CNCs.

As shown in Figure 29, the length of CNCs remained the same before and after the
growth of AuNPs and for all concentration of CNCs while their height (or diameter) increased
after the growth of AuNPs, thus validating that the attachment and growth of AuNPs occurs on
the longitudinal axis of CNCs. These results showed that, the higher the concentration of CNCs,
the higher the height was on CNCs, implying an accrued formation of AuNPs at their surfaces.
These results, as previously demonstrated with spectrophotometry and DLS, showed that
increasing the numbers of CNCs in the colloidal solution was proportional to the formation of
AuNPs grown on the surface of CNCs. In addition to the height, the increase in the average
roughness of CNCs also proved that the AuNPs were grown on the surface of CNCs. The
increase in the roughness can be seen even by looking at the cross-section graphs in the sense
that there were many bumps on the graphs after the growth of AuNPs.
In summary, the synthesis method for making the hybrid of CNCs-AuNPs was developed
and important variables were tested to grow the majority of AuNPs on the surface of CNCs.
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Accordingly, AuNPs mainly grew on the surface of CNCs when the ratio of HAuCl4 to reducing
agent was 1:10, and CNCs concentration was 0.2% v/w. Thus, these two numbers were fixed in
the second objective and used to tune the growth of AuNPs on the surface of CNCs.
3.2 Results for the optimization and tuning of AuNPs on the surface of CNCs
3.2.1 Effect of alteration in the surface charge of CNCs
As mentioned in Chapter 2, alteration in the surface charge of CNCs was performed by
NaOH treatment of CNCs with the purpose of changing the numbers of AuNPs on the surface of
CNCs. Fourier transform infrared spectrometer (FTIR) was used to evaluate the alteration in
surface charges of CNCs. FTIR was performed to detect the chemical bonds of CNCs and
compare their wavenumber intensity in order to investigate how NaOH treatment can affect the
functionality of -OSO3- on CNCs. Accordingly, three different concentrations of NaOH were
used to alter the surface charge on CNCs. Figure 30 shows the results of FTIR after treatment of
CNCs with three different concentrations of NaOH.
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Figure 30: FTIR for NaOH treated CNCs with three different amounts: 0.01, 0.1, and 0.5 M.
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Based on previous studies with FTIR analyses of -OSO3--cellulosic materials, 1200 cm-1
is related to the bending of S=O groups and O-H stretching is in the range of 3000-3650 cm-1
[69]. Therefore, these two areas were studied in order to investigate the change to CNCs
chemical composition with NaOH treatment. As illustrated in Figure 30, by increasing the
concentrations of NaOH, the intensity of the OH peak increased because of the replacement of
sulfate groups of CNCs by OH groups. This result was also confirmed with other techniques
such as DLS. The results of zeta potential, which are shown in Figure 31, showed that increasing
the concentration of NaOH from 0.01 M to 0.5 M resulted in less negatively charged CNCs due
to the removal of -SO42- functional groups on CNCs.
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Figure 31: Zeta potential of CNCs after being treated with different amounts of NaOH.

In addition to the zeta potential, the hydrodynamic size of nanoparticles was measured by
DLS technique after treatment of CNCs with different concentrations of NaOH. Particle size
analysis showed that by increasing the concentrations of NaOH, hydrodynamic size of
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nanoparticles increased. The increase in the hydrodynamic size of CNCs after NaOH treatment
was also similar to the results of previous study [64]. This phenomenon was due to the
aggregation of CNCs after changing their surface chemistry. In other words, colloidal dispersity
of CNCs decreased after NaOH treatment due to the decrease in the electrostatic repulsion of
negatively charged -OSO3- on the surface of CNCs. In addition, PDI (polydispersity index), as an
indication of size distribution in a colloidal solution, increased from 0.4 to 0.7 by increasing the
concentration of NaOH. The increase in the PDI number was also proof of aggregated CNCs in
the colloidal solution after the reduction in surface charge of CNCs. Figure 32 showed the results
of hydrodynamic size and PDI by DLS after treatment of CNCs with three different
concentrations of NaOH.
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Figure 32: Size and PDI of CNCs after being treated with different amounts of NaOH.

After developing the method for changing the surface charge of CNCs, AuNPs were grown on
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the surface of CNCs with the purpose of comparing their numbers with previous experiments.
Figure 33 shows the spectrophotometry of CNCs-AuNPs hybrid systems for which CNCs had
been treated with different concentrations of NaOH.
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Figure 33: Spectrophotometry of CNCs-AuNPs hybrid system with NaOH-treated CNCs.

As expected, based on DLS and spectrophotometry of NaOH-treated CNCs, the
longitudinal absorbance peak of CNCs-AuNPs almost diminished after treatment of CNCs with
NaOH. The reduction in the absorbance of longitudinal peak had two reasons. First, the
aggregated CNCs due to the removal of -SO42- functional groups resulted in less exposure of
CNCs to HAuCl4. Second, sulfate groups of CNCs served as the sites for AuNPs and their
removal resulted in fewer numbers of AuNPs on the surface of CNCs.
In addition to the results related to the wavelength absorbance, visual observation of the
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samples showed that CNCs were all precipitated at the bottom of tubes due to the aggregation of
NaOH-treated CNCs. This aggregation was more significant for CNCs which were treated with
the highest concentration of NaOH (0.5 M). The samples are shown in Figure 34.
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Figure 34: Hybrid of AuNPs and NaOH-treated CNCs.

Finally, AFM characterization was performed in order to observe the topology change of
CNCs after being treated with NaOH. Figure 35 shows that NaOH treated CNCs were
aggregated, which was another indication that the surface charges of CNCs changed.
3.2.2 Effect of time and temperature on the numbers and sizes of AuNPs on the surface of
CNCs.
In general, both nucleation rate and growth increase at higher temperatures [70].
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Accordingly, the effect of temperature was designed to tune the size and numbers of AuNPs on
the surface of CNCs.

5 µm

Figure 35: AFM analysis of CNC-AuNP hybrid system after treatment of CNC with 0.5 M NaOH.

Also, as mentioned in Section 2.2.1, chemistry of the synthesis method, there is an
interaction between sulfur and gold materials at the nanoscale. Therefore, it was hypothesized
that, prolonging the mixing of CNCs and HAuCl4 could result in more interaction of gold salt
with sulfate groups and more AuNPs on the surface of CNCs. Thus, different temperatures and
incubation times were tested in this study to control the size and numbers of AuNPs on the
surface of CNCs.
Accordingly, at first, the process of growth of AuNPs on the surface of CNCs was
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performed at different temperatures of 50 ○C, 60 ○C, 70 ○C, 75 ○C, 80 ○C, and 90 ○C while the
incubation time was fixed to 30 min. The first material characterization for evaluating the effect
of temperature on the numbers and sizes of AuNPs on the surface of CNCs was
spectrophotometry. The wavelength absorbance of colloidal solutions at these temperatures were
compared with the one at 75 ○C, since different material characterizations in development of the
synthesis method had shown the growth of majority of AuNPs on the surface of CNCs at this
temperature. As already mentioned in Chapter 1, by increasing the sizes of AuNPs in a chain or
decreasing the distance between them, the longitudinal absorbance peak would shift to the left.
Thus, the increase in the temperatures was expected to increase the size of AuNPs and reduce
their distances on the surface of CNCs. Figure 36 shows the results of normalized wavelength
absorbance of AuNPs at six different temperatures.

Figure 36: Spectrophotometry of CNCs-AuNP hybrid systems at different temperatures.
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As shown in Figure 36, by decreasing the temperature, the longitudinal peak of the hybrid
system shifted to the left and its absorbance intensity increased until it merged with the
transversal peak at temperatures of 50 ○C and 60 ○C. According to the previous studies [19],
emergence of a wide absorbance peak in the range of 500 nm - 600 nm is representative of
destructed dimers. On the other hand, higher temperatures such as 80 ○C and 90 ○C showed the
red shifted longitudinal peak with low absorbance intensity. Accordingly, it was concluded that
high temperatures accelerated the reduction of HAuCl4 and bonding of gold atoms, resulting in
formation of ascorbate AuNPs in the bulk solution. However, HAuCl4 could interact with -OSO3functional groups of CNCs at low temperatures, which resulted in forming more AuNPs on the
surface of CNCs.
On the other hand, spectrophotometry results showed destructed dimers of AuNPs (two
AuNPs which get too close to each other in that they are not distinguishable anymore) at lower
temperatures, such as 50 ○C and 60 ○C, which could be either on the surface of CNCs or in the
bulk solution. These explanations were all based on the results of spectrophotometry while
further material characterization was necessary to investigate what really happened to the hybrid
system at different temperatures. In order to conclude whether the destructed AuNP dimers at
low temperatures were formed on the surface of CNCs or in the bulk solution, DLS and AFM
were performed, which helped to investigate the size and locations of AuNPs at different
temperatures.
Accordingly, DLS was the second technique to investigate the effect of varying
temperature on size and number of AuNPs. The highest conductivity was observed at 70 ○C,
which also showed the presence of a longitudinal absorption peak, insinuating the highest
number of AuNPs on the surface of CNCs at this temperature. Moreover, the zeta potential
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results showed that the particles were less negatively charged at 70 ○C compared to other
temperatures. Therefore, it was concluded that more AuNPs were grown on the surface of CNCs
at 70 ○C. Figure 37 shows the DLS results for the effect of temperature on conductivity and zeta
potential of the colloidal solution.
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Figure 37: Zeta potential and conductivity of CNCs-AuNP hybrid systems at different
temperatures.

AFM was the third material characterization to investigate the effect of temperature on
the number, size, and location of AuNPs. Figure 38 (a) and (b) show the AFM images and Figure
39 show the cross section of CNC-AuNP hybrid system at temperatures of 70 ○C and 80 ○C. As
evident from the cross section of samples at two different temperatures, more AuNPs were
grown on the surface of CNCs at 70 ○C than 80 ○C. However, the size of AuNPs were bigger at
80 ○C than 70 ○C. It can be concluded that at 70 ○C, more nucleation of AuNPs occur on the
surface of CNCs due to the interaction of HAuCl4 with -OSO3- functional groups of CNCs. On
43

the other hand, the size of AuNPs were bigger at 80 ○C due to more bonding of gold atoms and
diffusion of AuNPs. From another viewpoint, the increase in the size of AuNPs at 80 ○C was due
to the diffusion of closely spaced AuNPs on the -OSO3- functional groups of CNCs.

Figure 38: AFM image of CNC-AuNP hybrid system at (a) 70 ○C and (b) 80 ○C
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Figure 39: AFM cross section of samples at 70 ○C and 80 ○C
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Also, according to the cross section analysis, the diameter of AuNPs on the surface of
CNCs were almost 40 nm and 110 nm and the distance between them were around 22 nm and 63
nm, at 70 ○C and 80 ○C, respectively. Base on the literature review, the hot spot between AuNPs
happens when the distance between AuNPs (d) is less than three times of the radius (a) of
AuNPs ( 3 × a > d ) [17]. Therefore, the hots pots between AuNPs happened at both 70 ○C and
80 ○C in this study.
In addition, AFM analysis of CNC-AuNPs hybrid system at 60 ○C was performed with
the purpose of evaluating the formation of destructed dimers. Many nanoparticles, smaller than
the size of CNCs, were formed in the bulk solution at 60 ○C. Cross section of these nanoparticles
at 60 ○C were drawn to study their shapes and geometry. Figure 40 shows the result of the AFM
and their cross section at 60 ○C.

Figure 40: AFM and cross section of CNC-AuNP hybrid system at 60 ○C.

Accordingly, the decrease in the length of these nanoparticles compared to the length of
CNCs proved that these nanoparticles were not CNCs. Also, two well defined bumps in the cross
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section showed that these nanoparticles were two aggregated AuNPs in the bulk solution.
Therefore, a compilation of AFM and spectrophotometry results proved that temperatures of 60
○

C and 50 ○C resulted in formation of destructed dimers of AuNPs in the bulk solution. Thus,

temperatures of 70 ○C, 75 ○C and 80 ○C were chosen for investigation of the next variable, time,
on optimization of the synthesis method.
Accordingly, effect of the incubation time (the duration of mixing of CNCs and HAuCl4)
was performed to control the number of AuNPs on the surface of CNCs. It was hypothesized
that, by prolonging the mixing of CNCs and HAuCl4, more HAuCl4 interact with -OSO3- on the
surface CNCs, which results in increase in the number of AuNPs on the surface of CNCs. Figure
41, Figure 42, and Figure 43 show the normalized wavelength absorbance of samples related to
the three different incubation times including 30 min, 60 min, and 90 min at three different
temperatures.
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Figure 41: Normalized spectrophotometry of CNCs-AuNP at 70 ○C.
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Figure 42: Normalized spectrophotometry of CNCs-AuNP at 75 ○C.
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Figure 43: Normalized spectrophotometry of CNCs-AuNP at 80 ○C.
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According to spectrophotometry data, mixing CNCs and HAuCl4 for 30 min resulted in
more significant longitudinal absorbance peak compared to mixing them for 60 min and 90 min.
This result was the same for all three different temperatures. The reason for this result was that
based on the previous study, exposure of CNCs to acidic conditions for long period of time at
high temperatures could affect the polymer structure, thus reducing stability [71].
In addition, zeta potential, conductivity, and the hydrodynamic size of colloidal solution
were measured by DLS to evaluate the effect of incubation time on the number and size of
AuNPs on the surface of CNCs. The results of hydrodynamic size, which are shown in Figure
45, demonstrated that the highest hydrodynamic size was related to 30 min incubation time. This
result was the same for all three temperatures and aligned with the results of spectrophotometry
in that the most significant longitudinal absorbance peaks were related to the incubation time of
30 min.
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Figure 44: Hydrodynamic size of CNC-AuNP hybrid system in three different incubation time
at 70 ℃, 75 ℃, and 80 ℃.
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In addition, the results of conductivity and zeta potential showed that the highest
conductivity and lowest zeta potential was related to the incubation time of 30 min, due to more
AuNPs on the sulfate groups of CNCs. This result was the same for all temperatures, except for
the sample at 75 ℃ with 60 min incubation time, which showed less negative charge zeta
potential compared to 30 min incubation time. These results are shown in Figure 46.
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Figure 45: Zeta potential and conductivity of CNC-AuNP at 70 ℃, 75 ℃, and 80 ℃.
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In summary, tuning the sizes of AuNPs was achieved in this study by trying different
temperatures. Also, testing of different incubation times showed that mixing of CNCs and
HAuCl4 with temperature for a long period of time resulted in less significant longitudinal
absorbance peak, which was representative of less hot spots between AuNPs.
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4. Conclusion and Future Work
The mechanism involved at the interfaces of CNCs and AuNPs were studied with the
purpose of developing the synthesis method for making the hybrid of CNCs and AuNPs. Optical
responsiveness of gold nanoparticles on the surface of CNCs showed the emergence of the
longitudinal absorbance peak near 650 nm in addition to the transverse plasmon absorption in the
visible region of 520-530 nm, which was indicative of the growth of closely spaced AuNPs on
the surface of CNCs. In addition, other material characterization, including DLS and zeta
potential, demonstrated how different variables should be considered aligned with the main goal
of this study. Optimization and tuning of the UV-Vis-NIR responsiveness of the hybrid system
was performed by consideration of time, temperature, and surface charge of CNCs. The optical
response of the hybrid nanocomposite could be modulated by altering temperature and
incubation time. Also, the surface charge of CNCs was shown to influence the AuNP growth on
the surface of CNCs, indicating its tuning potential.
Although controlling the optical response of the hybrid system was accomplished by
alteration of the aforementioned variables to some extent in this study, its longitudinal resonance
should be further enhanced and tuned into the NIR region. The reaction conditions should be
further optimized to promote surface plasmon enhancements of the hybrid nanocomposite. Also,
by changing the length and diameter of CNCs and the overall thickness of the gold layer to
control the overall aspect ratios of the hybrid system, the longitudinal resonance peak could be
tuned into the NIR region and the NIR absorption could be adjusted.
One of the main applications of this study is surface enhanced Raman spectroscopy
(SERS), by which high sensitivity and quantitative detection of biomolecules is achievable.
Thus, binding of Raman active molecules such as nucleic acids, proteins, and antibodies to the
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AuNPs can be done in the future in order to prove the feasibility of this study in biosensing
applications. Finally, the outcome of this research is not limited to hybrids of gold nanoparticles,
in that this study has the potential to be generalized into other nanocomposites with different
inorganic nanoparticles.
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Appendices
Appendix A: Description of Research for Popular Publication
Cancer is the second most primary cause of death in the United States and early diagnosis
of tumors is the priority of many researchers these days. Biosensor, which is an analytical device
for diagnosis of cancer, is the main focus of this study. Lab on a chip is a miniaturized biosensor
device, which is the result of progress in the field of nanotechnology. Lab on a chip is a viable
and cost effective diagnostic technique which needs very limited volumes of the sample for
detecting the analyte.
Localized surface plasmon resonance (LSPR) is the result of interaction of light with free
electrons of metals, which results in higher oscillation of electrons. Collective oscillation of
electrons are plasmons and incorporation of nanoparticles with LSPR property into the lab on a
chip device results in the enhancement in the biosensing application.
Gold nanoparticles (AuNPs) are one of the most promising candidates for being
incorporated into the lab on a chip device because they are non-toxic contrast agents with tunable
SPR property. Being tunable means their scattering wavelength can be controlled within the
entire range of light depending on the spectral features of the analyte. In other words, AuNPs can
be utilized for detection of a variety of tumors if being tuned with the purpose of not interfering
the wavelength absorbance of the analyte.
Tunability of AuNPs is achievable by changing their composition, size, and geometry.
Many biosensors are designed to be infrared (IR) sensors, and IR is a range of wavelength where
biological tissues are transparent. Therefore, tuning the size of AuNPs should result in their
scattering in NIR range so that they could be applicable in theranostic applications.
Dimers of AuNPs are two AuNPs, which show a new scattering wavelength, called
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longitudinal peak, in the near IR range. Changing the wavelength of the new peak is feasible
through changing the distance between the two closely-spaced (20 nm - 65 nm) AuNPs.
Therefore, this study tends to control this distance, which extends the application of gold-based
biosensors for detection of various analytes. In addition, dimers of AuNPs lead to the
enhancement of biosensors since plasmon resonance of closely-spaced AuNPs interact with each
other. This enhancement results in an advanced biosensor in that faster detection with smaller
volume of analytes would be feasible.
In addition, binding of AuNPs to an insulator material, which is cellulose nanocrystals in
this study, results in further enhancement of biosensors. The main reason for this enhancement is
trapping of plasmons at the interface of AuNPs and cellulose nanocrystals, which results in
higher intensity in scattering of light.
In a nutshell, this study proposes a new nanoparticle, including dimers of AuNPs bound
to cellulose nanocrystals, which can be incorporated in LOC devices and improve their
application in speedy detection of analytes.
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Appendix B: Executive Summary of Newly Created Intellectual Property (IP)
The following concepts and methods were proposed and created in this study, and they
need to be considered if intellectual property would be conducted anytime in the future:
1. The concept that enhancement in plasmon resonance of AuNPs happens due to the
confinement of plasmons at the interface of AuNPs and CNCs.
2. Development of the synthesis method for growth of AuNPs on the surface of CNCs.
3. Optimization and tuning of AuNPs on the surface of CNCs through different variables:
• CNCs concentration
• Time and Temperature
• Surface charge of CNCs
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Appendix C: Potential Patent and Commercialization Aspect of Listed Intellectual
Property Items.

C.1 Patentability of Intellectual Property (could each item be patented)
1. The concept that enhancement in plasmon resonance happens by confinement of plasmons at
the interface of metals and insulators has already been suggested. However, using of AuNPs and
CNCs for this aim was first suggested in this study and could be patented.

2. The proposed method in this study is patentable since it has some advantageous over previous
methods and to the best of my knowledge, nobody has proposed it yet.

3. Optimization of AuNPs through the effect of temperature could be patented but the other two
variables need more investigations due to the fluctuations of results in this study.

C.2 Commercialization Prospects (should each item be patented)
1. Although the concept of making hybrid of AuNPs and CNCs is new, further study is necessary
to prove the enhancement in plasmon resonance by this hybrid system. Thus, this concept should
not be patented at this stage.

2. The method, which is used in this study, is novel and has some advantages over previous
techniques. However, it is hard to say if it really results in enhanced biosensors unless it is tested
for detection of different analytes. Future studies might prove the feasibility of this method in
enhanced biosensors but it is not ready to be commercialized based on this study.

3. There are too many fluctuations in the results of optimization. Thus, further study is necessary
to advance this study before commercializing it.
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C.3 Possible Prior Disclosure of IP
The mentioned items have not been published yet. However, some of them have already
been presented through posters or discussions in conferences or annual meetings. The list of
posters are shown below:

1.

"Cellulose Nanocrystal/Gold Nanoparticle Composites as Bifunctional Films for
Biomolecular Sensing Applications" Presented in Nanotechnology for Healthcare
Conference, Dec-6 to Dec-8, 2018, Winthrop Rockefeller Institute, Arkansas, U.S.

2.

"Synthesis of Cellulose Nanocrystal-Gold Nanoparticle Hybrid System for
Surface Plasmon Resonance-Enhanced Property", May-15 to May-16, 2019, West Little
Rock, AR.

3.

"Synthesis of Cellulose Nanocrystal-Gold Nanoparticle Hybrid System
for Surface Plasmon Resonance-Enhanced Property", MicroEP IAB Poster Contest, Oct27, 2019, Fayetteville, AR
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Appendix D: Broader Impact of Research
D.1 Applicability of Research Methods to Other Problems
This study can be extended by making hybrids of CNCs with other metals or polymers,
based on the desired application. In general, cellulose based materials are applicable in variety of
applications including sensors, energy storage, antimicrobial materials, catalysts, and current
carrying. For instance, cellulose based materials have the potential for revolutionizing the
packaging industry since the new packages are biocompatible which has the potential to replace
the unrecyclable plastic bags.

D.2 Impact of Research Results on U.S and Global Society
It is expected that LOC devices, which are at the scale of a credit card, will replace the
equipment of traditional laboratories for diagnostic applications. These portable devices provide
a faster way of diagnosis with lower prices, which is specifically useful where no traditional
laboratories are located. Also, these devices can be used easily at homes by those who do not
have access to any kinds of medical training. This study aims to enhance LOC devices by
incorporation of optically active nanoparticles, which will advance the medical world with the
technology through which faster detection of illnesses is feasible.

D.3 Impact of Research on the Environment
This research is inspired by nature and cannot be harmful to the environment in any
respects. All the methods and materials in this study were environmental friendly. AuNPs are
non-toxic contrast agents and cellulose nanocrystal and natural biopolymers. Besides, traditional
laboratories for cancer diagnosis are associated with lots of medical wastes such as discarded
sharps, discarded blood, used bandages, etc., while their replacement with LOC devices would
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result in significant reduction in medical wastes.
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Appendix E: Microsoft Project for MS MicroEP Degree Plan
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Appendix F: Identification of all Software used in Research and Thesis
Software #1:
Name: Microsoft office 2007
Purchased by University of Arkansas on site license

Software #2:
Name: Gwyddion 2.53
Free online license

Software #3:
Name: Origin 2019
Owner: Biological and Agricultural Engineering
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Appendix G: All Publications Published, Submitted, and Planned.
Planned:
Synthesis of Cellulose Nanocrystal-Gold Nanoparticle Hybrid System for Surface
Plasmon-Enhanced property in Nano Research: Springer Journal.
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Appendix H: Copyright Permissions
Fig. 1: Reprinted with permission from American Chemical Society.
"K. L. Kelly, E. Coronado, L. L. Zhao, and G. C. Schatz, “The Optical Properties of Metal
Nanoparticles: The Influence of Size, Shape, and Dielectric Environment,” J. Phys. Chem. B,
vol. 107, no. 3, pp. 668–677, 2003." Copyright 2019.
Fig. 2: Reprinted with permission from Springer Nature.
"S. A. Maier, Plasmonics: Fundamentals and Applications. Springer US, 2007." Copyright 2019.
Fig. 3 and Fig. 5: Reprinted with permission from Royal Society of Chemistry.
"C. Xi, P. F. Marina, H. Xia, and D. Wang, “Directed self-assembly of gold nanoparticles into
plasmonic chains,” Soft Matter, vol. 11, no. 23, pp. 4562–4571, 2015." Copyright 2019.
Fig. 4 and Fig. 6: Reprinted with permission from Chemical Science.
"X. Ji and W. Yang, “High-purity gold nanocrystal dimers: scalable synthesis and size-dependent
plasmonic and Raman enhancement,” Chem. Sci., vol. 5, no. 1, pp. 311–323, 2014." Copyright
2019.
Fig. 7: Reprinted with permission from John Wiley and Sons.
"R. T. Hill, “Plasmonic biosensors,” Wiley Interdiscip. Rev. Nanomedicine Nanobiotechnology,
vol. 7, no. 2, pp. 152–168, 2015." Copyright 2019.
Fig. 10: Reprinted with permission from Journal of materials chemistry. B, materials for biology
and medicine. " M. S. Islam, L. Chen, J. Sisler, and K. C. Tam, “Cellulose nanocrystal (CNC)–
inorganic hybrid systems: synthesis, properties and applications,” J. Mater. Chem. B, vol. 6, no.
6, pp. 864–883, 2018." Copyright 2019.

Fig. 15: Reprinted with permission from Nanoscale.
N. Lin and A. Dufresne, “Surface chemistry, morphological analysis and properties of cellulose
nanocrystals with gradiented sulfation degrees,” Nanoscale, vol. 6, no. 10, pp. 5384–5393, May
2014. Copyright 2019.
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